The reverse transsulfuration pathway has been reported to produce cysteine from homocysteine in eukaryotes ranging from protozoans to mammals while bacteria and plants produce cysteine via a de novo pathway. Interestingly, the bacterium Bacillus anthracis includes enzymes of the reverse transsulfuration pathway viz. cystathionine b-synthase [BaCBS, previously annotated to be an O-acetylserine sulfhydrylase (OASS)] and cystathionine c-lyase. Here, we report the structure of BaCBS at a resolution of 2.2 A. The enzyme was found to show CBS activity only with activated serine (Oacetylserine) and not with serine, and was also observed to display OASS activity but not serine sulfhydrylase activity. BaCBS was also found to produce hydrogen sulfide (H 2 S) upon reaction of cysteine and homocysteine. A mutational study revealed Glu 220, conserved in CBS, to be necessary for generating H 2 S. Structurally, BaCBS display a considerably more open active site than has been found for any other CBS or OASS, which was attributed to the presence of a helix at the junction of the C-and Nterminal domains. The root-mean-square deviation (RMSD) between the backbone Ca carbon atoms of BaCBS and those of other CBSs and OASSs were calculated to be greater than 3.0 A. The pyridoxal 5 0 -phosphate at the active site was not traced, and appeared to be highly flexible due to the active site being wide open. Phylogenetic analysis revealed the presence of an O-acetylserine-dependent CBS in the bacterial domain and making separate clade from CBS and OASS indicating its evolution for specific function.
Introduction
The gram-positive enterobacterium Bacillus anthracis is of major concern because it forms environmentally resistant endospores that can cause anthrax upon being inhaled and that may be used as a bioweapon. Inhaled bacillus spores become engulfed by alveolar macrophages and germinate in their phagolysosomal compartments. The vegetative bacterial cells escape from the host macrophages by lysing the host phagocytes and infecting the blood of the host, where they release copious amounts of toxins, ultimately leading to death of the host. Many antibiotic drugs used against B. anthracis are known to create oxidative stress in pathogens in general, and this stress introduces breaks in the double-stranded genomic DNA, leading to death of the pathogen. Organisms, however, have developed defenses, including the use of hydrogen sulfide (H 2 S), against such stresses [1]. In higher organisms, H 2 S has been shown to be involved in modulating various physiological responses such as antiinflammation [2], neuromodulation [3] , vasoregulation [4] , protection from reperfusion injury after myocardial infarction [5] , and inhibition of insulin resistance [6] as well as in modulating oxidative stress [7] . H 2 S has been shown in higher organisms to be produced from the enzymatic action of cystathionine b-synthase (CBS) [8] and cystathionine c-lyase (CSE) [9] . In Caenorhabditis elegans, H 2 S homeostasis is maintained by OASS paralogs [10] .
Cystathionine b-synthase (EC 4.2.1.22) is a pyridoxal 5 0 -phosphate (PLP)-containing enzyme that belongs to the beta (or fold II) family of PLP enzymes [11, 12] . Oacetylserine sulfhydrylase (OASS) is also a member of this enzyme family and the catalytic cores of OASS and CBS are remarkably similar [13, 14] . CBS produces cystathionine upon condensation of homocysteine and serine [15] . Cystathionine is further converted by CSE in the reverse transsulfuration pathway (Fig. 1) to produce cysteine [16] . CBS also produces H 2 S gas via beta-replacement reaction of cysteine and homocysteine [8] . CBS in higher organisms (human and drosophila) contains an N-terminal extension that forms a hemebinding domain [17] , which is not observed in yeast [18] and Trypanosome cruzi CBS [19] (Fig. 2A) . Both yeast and human CBSs nevertheless do form homotetramers, due to the presence of the C-terminal regulatory 'bateman' domain, but only human CBS shows response to S-adenosylmethionine (adomet) [20, 21] . T. cruzi shows formation of a tetramer despite having a short C-terminal domain, and is not activated by adomet [19] . In contrast to the high variability at the C-and N termini, the catalytic core domain and PLP-binding residues are highly conserved across phyla. The presence of extra domains in CBS suggests that the regulation of its activity varies between organisms.
In bacteria and plants, cysteine has been shown to be produced via de novo pathway [22] [23] [24] and these organisms commonly do not possess reverse transsulfuration pathway enzymes (i.e., CBS and CSE). Instead, they possess de novo pathway enzymes viz. serine acetyltransferase and OASS. The B. anthracis genome has been shown to have three OASS genes, two of which are very similar in sequence to the known OASS gene, and the third one having 35-43% sequence identity to the known OASS genes. In the present study we showed that the product of the third annotated OASS gene actually functions as O-acetylserine-dependent CBS (OAS dCBS), and works together with CSE in the reverse transsulfuration pathway (Fig. 1) . Since homocysteine is produced from L-methionine with the production of several intermediate compounds requiring Fig. 1 . Two cysteine biosynthesis pathways present in Bacillus anthracis. Cysteine production via a de novo pathway involving serine acetyltransferase (SAT) and Oacetylserine sulfhydrylase (OASS) from serine in the presence of reduced sulfur. Reverse transsulfuration pathway involving cystathionine b-synthase (CBS) and cystathionine c-lyase (CSE) using the substrate homocysteine in the presence of serine or OAS with an intermediate cystathionine. 
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We report here the structure of CBS from B. anthracis. This CBS was observed to contain neither the heme-binding N-terminal domain nor the C-terminal CBS regulatory domain ( Fig. 2A) , the enzyme was also found to show CBS activity with OAS and not with serine, thus making it an OAS dependent CBS enzyme. It also produced H 2 S upon reaction of homocysteine and cysteine and here we identified crucial residues involved in the H 2 S production. Our analysis indicated the OAS dCBS from the bacterial domain to be part of a branch of the phylogenetic tree separate from the branch containing OASS and CBS, and thus it could be a new member in the beta family of PLP enzymes (Fig. 3) .
Results
Phylogenetic tree analysis and multiple sequence alignment A phylogenetic tree was constructed using sequences of OASSs, CBSs, and OAS dCBSs from the National Center for Biotechnology Information (NCBI) database revealed the presence of hypothetical OAS dCBS in bacteria forming an independent clad, and does not form a group either with CBS or OASS (Fig. 3) . Multiple sequence alignment (MSA) showed BaCBS to possess residues conserved in CBS sequences but not in OASS sequences (Fig. 2B,C) . For example, the amino acid residues of position 102, 300, and 220 of BaCBS are Lys, Lys, and Glu, respectively, and match the amino acid types at the corresponding positions in human CBS, that is, 177, 384, and 304, which border the active site.
Enzyme assay

CBS assay
Freshly purified protein was used to perform all of the enzyme assays (Fig. 4) . Initially, a CBS assay was performed in various buffers ranging from pH 5.0 to 10.0 with 1 mM homocysteine and 5 mM serine. We did not observe any CBS activity at any of the pH levels tested. Furthermore, we performed CBS assays with different concentrations of serine and homocysteine in 50 mM Tris-HCl (pH 8.2), and still did not observe any CBS activity.
OAS-dependent CBS assay
Further CBS activity tests were carried out with O-acetylserine (OAS) as a substrate instead of serine. Initially, the OAS-dependent CBS assay was performed with a constant substrate concentration, that is, with 5 mM OAS and 1 mM homocysteine from pH 4.8 to 10.0 [50 mM each of sodium acetate pH 4.8, Bis-Tris pH 5.5 to 6.0, Tris-HCl pH 7.0 to 9.0, and N-Cyclohexyl-2-aminoethanesulfonic acid (CHES) pH 10.0] and the optimum activity was observed at pH 8.2 followed by pH 7.8 (Fig. 5A) . Below pH 7.8 and above pH 8.2, the activity was observed to be about 60% and 25%, respectively, of the maximum observed activity. Since the enzyme was found to be most active at pH 8.2, Tris-HCl pH 8.2 was used for further CBS enzymatic experiments. The kinetic parameters of the OAS dCBS assay (K m , V max and k cat ) are presented in Table 1 (and Fig. 5B,C) .
Surprisingly, when we checked the serine sulfhydrylase activity of BaCBS, we found that the enzyme did not produce cysteine via the serine sulfhydrylase reaction, which has been shown by other CBSs [19, 26, 27] (Fig. 6B ).
Alternative CBS activity for H 2 S production
The BaCBS displays beta-replacement reaction utilizing homocysteine and cysteine to produce cystathionine and H 2 S. It is also able to produce H 2 S by hydrolyzing cysteine. Our results showed that more H 2 S was produced through the beta-replacement reaction than via cysteine hydrolysis (Fig. 5D ), in agreement with the results of reports on other CBSs [28, 29] . The K m and k cat of homocysteine were calculated to be 322.9 lM and 3.38 s À1 for the production of H 2 S via the beta-replacement reaction (Fig. 5E ).
O-acetylserine sulfhydrylase (OASS) activity
The BaCBS was found to have OASS activity, that is, it was able to convert OAS to cysteine in the presence of reduced sulfur. However, it showed a K m for OAS higher than that required for OAS dCBS activity ( 
Structure of BaCBS
Crystal structure of BaCBS
The BaCBS crystallized in a dimeric conformation, consistent with the gel-filtration chromatography (GFC) profile (Fig. 4B,C) , and similar to the results of Drosophila melanogaster CBS [33] and various reported OASSs [14, 34] . The two subunits of BaCBS were observed to interact through various hydrogen bonds, ionic and hydrophobic interactions, with most of these interactions clustered at the C-and N-terminal end involving a total 45 residues from each subunit. Each BaCBS subunit was observed to resemble the canonical structure of the fold II family of PLP enzymes, with distinct N-and C-terminal domains (Fig. 7A,B) . The BaCBS subunit folded into an a/b Fig. 3 . Phylogenetic analysis. A phylogenetic tree was constructed using the maximum likelihood method of MEGA 5.0 with 1000 bootstrap taking sequences of OASS, OAS dCBS, and CBS from NCBI, and including BaCBS. The NCBI accession number is mentioned for each sequence. The formation of three separate clads for OASS, CBS, and OAS dCBS was indicated by this analysis. 
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The FEBS Journal 284 (2017) 3862-3880 ª 2017 Federation of European Biochemical Societies structure consisting of 10 b-strands, 10 a-helices, and two 3 10 helices (Fig. 7A ,B) specifically with its C-terminal domain consisting of two 3 10 helices, six b-strands (B1, B2, B7, B8, B9, and B10) surrounded by five ahelices (H6, H7, H8, H9, and H10) and its N-terminal domain consisting of four b-strands (B3, B4, B5, and B6) and five a-helices (H1, H2, H3, H4, and H5). The fifth a-helix (Gln 144 to Glu 148) of the N-terminal domain appears to be unique to BaCBS, since the corresponding residues in other CBS as well as OASS structures is a loop (Fig. 8D ,E), one connecting the Nterminal domain to the C-terminal domain. The presence of this extra helix instead of a loop in BaCBS led to an increase in the angle between the N-and C-terminal domains ( Fig. 8 and Table 3 ). Thus, of all reported CBS and OASS crystal structures, BaCBS displays the largest angle between the domains, and hence the most open active site cleft. Note that the BaCBS structure could not be solved using molecular replacement due to the large structural differences between BaCBS and the known OASS and CBS structures, and it was thus determined using single anomalous diffraction (SAD) with selenium.
Another special feature observed in the BaCBS crystal structure was a greater angle between its N-and C-terminal domains than in the homologous structures, which in BaCBS provides more space and fewer constraints on the movement of the loop between strand 8 and strand 9 (corresponding to residues 207-235), leading to an absence of electron density in this region. We were unable to trace the electron density of this loop even after many attempts with different crystals, suggesting this loop to be highly mobile. Electron density of the complete loop was observed in all other OASS and CBS structures, which displayed the smaller angles between the N-and C-terminal domains [33, 34] (Fig. 8) .
The prosthetic group PLP was expected to be covalently linked to Lys 44, according to predictions from MSA as well as structural superpositions of CBSs and OASSs from various organisms. In homologous structures, PLP was readily modeled, and was observed to be anchored at its position by various hydrogen bonds, specifically with conserved residues Gly 178, Thr 179, Gly 180, and Thr 182 of the loop connecting helix 7 and sheet 7 (Fig. 9A) . In BaCBS, however, we were unable to model the electron density in the expected PLP site despite having a yellow-colored purified PLPbound protein and all of these conserved residues. In the BaCBS crystal structure, these conserved residues were found to be located far from Lys 44 with entirely different orientations, and to be too far from the expected position of the phosphate moiety of PLP to form hydrogen bonds (Fig. 9A ). Asn 74 in the BaCBS crystal structure was located on a loop, instead of on helix 2 as in the homologous structures, and this location was due to a shortening of helix 2 in BaCBS; also, Asn 74 was measured to not be within hydrogen-bonding distance of the expected position of the unprotonated 3 0 hydroxyl group of the pyridine ring of PLP. The presence of an extra helix and shortening of helix 2 in BaCBS compared to the homologues were found to coincide with Asn 74 being farther away from the pyridine ring of PLP in BaCBS. Similarly, in the BaCBS crystal structure, Ser 265 was observed to be located on helix 10, and not within hydrogen-bonding distance of the expected position of the N atom of the pyridine ring (Fig. 9A ). Thus, a lack of various conserved interactions with PLP and widening of the active site cleft appeared to have caused PLP to be relatively flexible in the BaCBS crystal, and to explain the inability to model its electron density. Covalently linked PLP, while flexible, was nevertheless confirmed to be present according to a shift in the absorption peaks of the protein from 412 to 470 nm upon addition of OAS, which was due to formation of the a-aminoacrylate intermediate (Fig. 7C) .
Structural comparisons
Structural comparison of BaCBS with other CBSs
We compared the overall structure of BaCBS with available structures of CBSs from various organisms. One CBS structure was reported from Lactobacillus plantarum [35] and a structural comparison revealed a greater than 3.0 A root-mean-square deviation (RMSD) for the backbone a-carbon atoms (Table 4 ). The absence of C-terminal regulatory Fig. 2A) , was also shown by MSA (Fig. 2B,C) . The three-dimensional structural superposition of the BaCBS monomer on homologous CBSs was carried out using the FATCAT server [36] (rigid alignment) to determine the differences between their structures. This comparison revealed a greater 
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Structural comparison of BaCBS with OASSs
Structural alignment of the structure of BaCBS with the structures of available OASSs also revealed a greater than 3.0 A RMSD between their backbone acarbon atoms (Fig. 8B) . BaCBS crystallized as a dimer, but the interface area between the protomers of BaCBS was measured to be less than those of all other available OASS structures (Table 4) . Comparisons of several PLP-bound OASS structures and of their active site cleft openings have been made [37, 38] and showed much smaller active site cleft openings for these OASSs than for BaCBS (Table 3) . Moreover, a sequence comparison of BaCBS and OASS homologs showed approximately 35-43% sequence identity (Table 4) . We also compared the structure of BaCBS with a PLP-free OASS structure (PDB ID: 1O58) [39] , and this comparison revealed a RMSD of 3.32 A between the structures. Note that this PLP-free OASS structure was shown to form a closed conformation, with an angle between the N-and C-terminal domains even smaller than those of all the reported PLP-linked OASSs and much smaller than that of BaCBS (Fig. 8C, Table 3 ). A similarly small angle was measured for Lys (PLP bound) to Ala mutated OASS structure (PDB ID: 1D6S) [40] , as well as for other OASSs forming an external aldimine and present in a closed conformation (Table 3) . These results suggested that the increased angle between the two domains in BaCBS resulted from the presence of the extra helix and not because of the flexibility of PLP.
Deciphering the importance of Glu 220 and Ala 72 of BaCBS for its stability and activity
Upon inspecting the sequences and structures of BaCBS and related proteins, we found two residues that may be of particular importance for BaCBS structure and function. We found Glu 220 to be conserved in CBSs but not in OASSs (Fig. 2B,C) . The corresponding Glu in human and drosophila CBSs was reported to make a network of interactions with Lys 102 and Lys 300 near the entrance of the active site and found at the substrate-binding pocket (Fig. 9B) . OASSs have been shown to have either a Gln or Arg instead of Glu at the homologous positions, and to have the positions corresponding to Lys 102 and Lys 300 occupied by Arg and Thr, respectively (Fig. 2C) . In BaCBS, the loop containing Glu 220 was not traceable due to the widening of the cleft. We mutated Glu 220 to Arg (E220R) to ascertain the importance of Glu 220 in BaCBS. We also noticed residues 71-75, that is, 'TSGNT' also known as the Asn loop [40] , to be highly conserved in OASSs and CBSs (Fig. 2B,C) , but with BaCBS having an Ala instead of Ser in this loop. The Ser has been shown to make interactions with the carboxylate group of the substrate and to stabilize the intermediate. Thus, we also mutated Ala 72 to Ser (A72S) with the idea that it might exhibit CBS activity with serine as a substrate by stabilizing the intermediate.
Both the E220R and A72S BaCBS variants formed dimers in solution. However, the E220R BaCBS variant was observed to be stable for only 2-3 days, whereas wild-type (WT) BaCBS was observed to be stable for approximately 3-4 weeks at 4°C. In contrast, the A72S BaCBS variant was as stable as WT BaCBS. The relatively poor stability of the E220R variant was also observed by a thermal circular dichroism (CD) analysis, which revealed this variant to have a midpoint of thermal denaturation (T m )~10°C less than those of WT BaCBS and the A72S variant (Table 5) . However, no significant change in the secondary structures of the variants (E220R and A72S) was observed in far-UV CD spectra (Fig. 10A) . UV-visible absorbance study demonstrated that E220R variant bound significantly less PLP cofactor than did the WT protein ( Fig. 10B and Table 5 ). The Trp fluorescence emission spectrum of the E220R variant showed an increase in the fluorescence intensity as compared to that of WT BaCBS, due to a change in its tertiary structure (Fig. 10C) . We also carried out various kinetic experiments on the BaCBS variants. Both variants were found to exhibit CBS activity, and the k cat toward homocysteine was greater for the A72S variant than for the WT BaCBS (Fig. 11A and Table 6 ), while E220R led to a decrease in k cat for homocysteine ( Fig. 11C and Table 6 ). When the CBS experiment was carried out using serine instead of OAS as a substrate, no activity was found with either BaCBS variant. We also performed the H 2 S assay with the BaCBS variants and found that A72S was able to produce more H 2 S than was WT BaCBS. However, no H 2 S production was observed for the E220R variant (Fig. 10D) . The mutating A72 to S also led to an increase in the k cat for OAS in the OASS activity, while no OASS activity was observed for the E220R variant. The increase in the activity resulting from mutating A72 to S might have been due to stabilization of the substrate upon its interaction with Ser at position 72. 
Discussion
Bacillus anthracis spends most of its life cycle in the form of an endospore, and its spore has been found to be highly resistant to the effects of the environment. The bacterium carries out insignificant life processes within a dormant spore and its enzymes are also not active in this state. The bacterium becomes active only upon entering a blood cell of the host. Here, we characterized the B. anthracis OAS dCBS enzyme, which produces cysteine via the reverse transsulfuration pathway along with cystathioine c-lyase (S. Devi & S. Gourinath, unpublished data). The primary reaction performed by CBS has been shown to be the condensation of homocysteine and serine to form cystathionine. Unlike other CBSs, BaCBS uses OAS instead of serine for CBS activity. The BaCBS K m values for OAS and homocysteine were shown here to be 1.16 and 2.73 mM, respectively, similar to the K m values of serine and homocysteine for T. cruzi and Leshmania major [19] . The K m for using homocysteine to produce H 2 S was determined here to be 322.9 lM, comparable with that of Leishmania CBS [41] . Endogenous production of H 2 S by BaCBS protects B. anthracis from oxidative stress inside the host [1]. The observation of a lower K m value of homocysteine for H 2 S production pointed toward a probable primary function of BaCBS in B. anthracis, which would increase the ability of the pathogen to survive. This enzyme could have evolved in order to produce H 2 S and hence protect the invading pathogen. Thus, BaCBS could be a valuable target for inhibitor design. Our observation of negligible H 2 S production by the BaCBS E220R variant suggested Glu 220 to be necessary to carry out the beta-replacement reaction for H 2 S production.
Sequence analysis indicated residues such as Lys 102, Lys 300, and Glu 220 to be conserved in CBS not in OASS (Fig. 2B,C) . Moreover, mutating Glu 220 to Arg was found to completely abolish the OASS activity of BaCBS, which was unexpected due to the presence of arginine at the corresponding position in some OASSs. However, the E220R variant still retained CBS activity, indicating BaCBS to be a CBS and not an OASS.
Based on our biochemical, biophysical, and phylogenetic studies, and due to the common fold of CBSs and OASSs, we conclude that BaCBS does carry out the OASS function. But it is expected to predominantly display CBS activity in B. anthracis as its genome has been shown to contain two more OASS isoforms expected to carry out de novo synthesis of cysteine. Many putative OASSs from bacteria with low sequence identity with OASS could functionally behave as OAS dCBS as in the case of B. anthracis. With recent developments in whole genome sequencing, more and more hypothetical OAS dependent bacterial CBS sequences are being reported. A phylogenetic tree consisting of OASS, OAS dCBS, and [33] 3.08 264 1M54 [62] 3.05 261
a O-acetylserine sulfhydrylase from Haemophilus influenzae. b O-acetylserine sulfhydrylase from Thermus thermophilus HB8. CBS showed OAS dCBS to be part of a separate branch and not to be grouped together either with OASS and CBS. Interestingly many proteins in the branch of OAS dCBS are not characterized. OASS and CBS belong to the PLP-II family due to the common three-dimensional fold and these enzymes acquired substrate specificity much later in the course of evolution [39] . We here postulate that OAS dCBS is one of the missing members in the PLP-II family of enzymes and evolved in bacterial domain under some specific functional constraint required for the survivability of the pathogens [11, 42] .
Materials and methods
Chemicals and reagents
All chemicals were of analytical grade or better were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated. Lead acetate, sodium sulfide, and ninhydrin were purchased from Thermo Fisher (Waltham, MA, USA). Ni-nitrilotriacetic acid Sepharose resin was obtained from GE Healthcare (Uppsala, Sweden), and gel extraction and polymerase chain reaction (PCR) clean-up kits were purchased from Qiagen (Hilden, Germany). All enzymes were obtained from Fermentas (Waltham, MA, USA). 
Cloning of BaCBS
Protein expression and purification
The BaCBS construct was transformed in the BL21 (DE3) E. coli strain for overexpression of the cloned gene, and a single colony-containing construct was picked from an agar plate and inoculated in 50 mL of Luria-Bertani (LB) broth , and E220R variants in the presence of both 2.5 mM homocysteine (HC) + 5 mM cysteine (Cys), and 5 mM cysteine (Cys) alone, as substrates. The production of H 2 S gas is shown as the percentage of the maximum observed H 2 S gas produced by WT BaCBS. Values represented as mean AE SEM of three independent experiments. *Data for HC + Cys was found to be statistically significant with P < 0.001 for both A72S and E220R variants, and # data for Cys were also found to be statistically significant with P < 0.002 for both A72S and E220R variants. One-way ANOVA was used for determining statistical significance, and P values were determined using t-tests.
for primary culture at 37°C for overnight growth in a medium containing 100 lgÁmL À1 ampicillin. For secondary culture, a volume of 3 L of LB broth containing 100 lgÁmL
À1
ampicillin was inoculated with 1% of overnight-grown culture and allowed to grow at 37°C until an optical density at 600 nm (OD 600 ) of~0.60 was reached. The temperature was then lowered to 30°C and protein expression was induced with 0.2 mM isopropyl-b-D-thiogalactopyranoside while shaking at 220 rpm for 6 h. After expression, the cells were harvested at 7326 g for 7 min and resuspended in a lysis buffer (30 mM Tris-HCl [pH 8.0], 150 mM NaCl, 10 mM imidazole, 0.1% Triton X-100, 5% glycerol, and 5 mM b-mercaptoethanol [bME]) along with 100 lM phenylmethylsulfonyl fluoride and 0.1 mgÁmL À1 of lysozyme. The cell suspension was sonicated in an ice-water mixture using Branson Ultrasonics Sonifers S-450, USA at 40% of amplitude for 2 min with an impulse of 10 s interspersed with an interval of 15 s. The lysate was then centrifuged at 29 300 g for 45 min at 4°C to separate cell debris. The filtered cell lysate was incubated with Ni-nitrilotriacetic acid Sepharose resin (GE Healthcare) at 4°C for 45 min. The proteinbound beads were washed with buffer (30 mM Tris-HCl [pH 8.0], 150 mM NaCl, 20 mM imidazole, 10 mM bME, and 5% glycerol). Protein was eluted using elution buffer (300 mM imidazole in 30 mM Tris-HCl [pH 8.0], 150 mM NaCl, 10 mM bME and 5% glycerol) at 4°C. For further purification and removal of imidazole, concentrated protein was loaded onto a GFC HiLoad Superdex200 16/60 GL column (GE Healthcare) that was pre-equilibrated with running buffer (10 mM Tris-HCl [pH 8.0], 150 mM NaCl, 5% glycerol, and 10 mM bME). Peak fractions were checked for purity using 12% SDS/PAGE, pure fractions were pooled and concentrated for crystallization trials, kinetics, and other studies. All the experiments were done with the purified His-tagged protein.
Enzyme assays
Cystathionine b-synthase activity Results shown are representative of mean of three independent experiments and error bars correspond to the standard error of mean (SEM). Table 6 . Cystathionine b-synthase assay of BaCBS variants. that of homocysteine (at 1 mM). Next, experiments were performed with various concentrations of substrate in 50 mM Tris pH 8.2. Formation of product was determined colorimetrically as described previously for the CBS assay [43] . Briefly, a reaction mixture was incubated for 5 min at 37°C and the reaction was stopped with the addition ninhydrin reagent directly into reaction mixture. After heating the solution for 5 min in a boiling water bath, followed by incubation on ice for 3 min, the reaction mixture was left for 20 min at 25°C to allow the color to develop. Absorbance was measured at a wavelength of 451 nm and enzyme-free blank was subtracted.
O-acetylserine-dependent CBS activity
A colorimetric OAS dCBS assay was carried out as described previously for the CBS assay [43] . Briefly, an OAS dCBS enzyme assay was performed in a final volume of 200 lL with 1.46 lM (final concentration) of enzyme in 50 mM Tris-HCl (pH 8.2), 0.25 mM PLP, and various concentrations of OAS, while the homocysteine concentration was kept constant at 2.5 mM to determine the K m for OAS. Determination of product formation was done as described for the CBS assay. The assay was also performed with various concentrations of homocysteine and with the OAS concentration kept constant at 5 mM. Initially, this assay was performed with various buffers of different pH values (50 mM each of sodium acetate pH 4.8, Bis-Tris pH 5.5-6.5, Tris-HCl pH 7.0-8.8, and CHES pH 10.0) to determine the optimal pH for the CBS activity. In these initial assays, the concentration of homocysteine was kept constant at 1 mM and that of OAS at 5 mM. The results shown represent averages of data from three independent experiments each.
Alternative CBS activity for H 2 S production
In contrast to the above described CBS-catalyzed reaction between homocysteine and OAS, when CBS is used to catalyze the reaction of cysteine with homocysteine, H 2 S is produced. This product was detected using an Ultrospec 2100 pro spectrophotometer (GE Healthcare, Buckinghumshine, UK), as described by Ref. [44] . The reaction mixture (400 lL) contained 0.73 lM (final concentration) of BaCBS and was incubated with various combinations of substrates in Tris-HCl pH 8.2 to determine the exact substrate to be used for the production of H 2 S. (The combinations tested were 5 mM cysteine + 2.5 mM homocysteine, and 5 mM cysteine alone). After an incubation of 30 min, 50 lL of 0.02 M of the reagent N 0 N 0 ,-dimethyl-p-phenylenediaminesulfate (DPD) in 7.2 N HCl was added, followed by addition of 50 lL of 0.03 M ferric chloride in 1.2 N HCl. The reaction mixtures were left for 20 min at 25°C in order to allow the color to develop. Then, the sample was diluted 10-fold and its absorbance was measured at a wavelength of 670 nm.
Determination of K m for H 2 S production
Another way we continuously monitored the production of H 2 S was by measuring the absorption, at a wavelength of 390 nm, of the reaction mixture in which lead sulfide was formed from H 2 S and lead acetate. A reaction mixture (400 lL) containing 0.4 mM lead acetate, various concentrations of homocysteine, and a fixed concentration of cysteine (250 lM) in 50 mM Tris-HCl pH 8.2 was preincubated at 37°C. The reaction was initiated by adding 0.73 lM of enzyme, and the absorption was monitored at 390 nm for 3 min. A molar extinction coefficient of 5500 M À1 Ácm À1 was used to determine the amount of lead sulfide produced [45] . Each experiment was performed in triplicate.
Detection of cysteine generated through the serine sulfhydrylase reaction
Produced cysteine was detected by carrying out a colorimetric reaction as described earlier [46] with slight modifications. A mixture (200 lL) containing 50 mM Tris-HCl pH 8.2, 10 mM sodium sulfide, and 10 mM L-serine was incubated at 37°C for 2 min and the reaction was initiated by adding enzyme [1.46 lM] at 37°C for 30 min. The reaction was terminated by adding 100 lL of glacial acetic acid and acidic ninhydrin reagent. This mixture was boiled for 10 min, and then rapidly cooled, and the color was preserved by adding denatured ethanol. The concentration of cysteine was determined from the absorbance at 560 nm using a standard curve prepared from cysteine solutions of known concentrations.
O-acetylserine sulfhydrylase (OASS) activity
The activity of OASS was determined as described previously [47] . Briefly, reaction mixtures (each 400 lL) containing 0.73 lM (final concentration) of enzyme, 500 lM of 5-thio-2-nitrobenzoate TNB (alternative substrate) and various concentrations of OAS (0.1-18 mM) in 50 mM Hepes buffer (pH 7.4) were prepared. The reaction in each case was started with the addition of OAS to the mixture of enzyme and TNB, and readings were taken immediately at a wavelength of 412 nm. All of the experiments were done at 25°C and the results shown represent the mean of three individual experiments.
Crystallization
Purified protein after GFC was concentrated to 10 mgÁmL À1 in 10 mM Tris-HCl, 150 mM NaCl, and 10 mM bME, and subjected to extensive crystallization trials (Robotic Mosqutio) by using hanging-vapor diffusion method. Structure determination and refinement
We could not determine the BaCBS structure using the molecular replacement method, despite it having 35-43% sequence identity with other homologous OASS and CBS structures. Thus, we opted for experimentally obtaining phases by using selenomethionine (Se-Met)-labeled BaCBS protein. Se-Met-labeled protein was purified as described earlier [48] . The X-ray data for Se-Met labeled crystals were collected at the BM14 synchrotron beamline, ESRF, France, and data sets were indexed and scaled using HKL2000. A partial structure was determined using the single-wavelength anomalous scattering (SAS) protocol of Auto-Rickshaw of the EMBL-Hamburg automated crystal structure determination platform [49] . The input diffraction data were prepared and converted for use in Auto-Rickshaw using programs of the CCP4 suite. Anomalous data were used to estimate FA values using the program SHELXC [50] . Based on an initial analysis of the data, the maximum resolution of the determined partial structure and initial phase calculation was set to 2.8 A. All of the eight heavy atoms (selenium) expected were found using the program SHELXD [50] . The correct hand for the partial structure was determined using the programs ABS [51] and SHELXE [50] . Initial phases were calculated after density modification using the program SHELXE [50] . Taking this partial model as a template, the BaCBS structure was solved by carrying out molecular replacement. The model fit well in the electron density map and any ambiguous density was manually checked using COOT [52] . After multiple rounds of manual building and refinement with Refmac [53] , the values of R and Rfree dropped to 25% and 30%, respectively. The model at this stage was submitted to the web-based server PDB_REDO for further refinement [54] . The PDB_REDO model was used for refinement in Phenix [55] , and final R and Rfree value of 21.3% and 24.8%, respectively, were obtained, with no ambiguity in the electron density (Table 7) .
Phylogenetic tree analysis
A phylogenetic tree was constructed using 47 sequences, which included OASS, hypothetical OAS dCBS and CBS from NCBI, using maximum likelihood algorithm of MEGA 5.1 [56] with 1000 bootstrap.
Multiple sequence alignment
Multiple sequence alignment of BaCBS was carried out by using Clustal Omega [57] with known OASSs and CBSs sequences retrieved from the PDB. The resulting sequence alignment file was then used to align the secondary structures using ESPRIPT 3.0 [58] .
Generation of BaCBS variants by site-directed mutagenesis
The point mutations for the two variants of BaCBS that we tested were generated by carrying out the PCR of a full plasmid containing the BaCBS gene using mutagenic primers. An A72S variant was generated using 5 0 CAATTATTGAACCG ACTAGCGGAAATACTGGTATTG3 0 and 5 0 CAATACC AGTATTTCCGCTAGTCGGTTCAATAATTG3 0 mutagenic primers while an E220R mutation was incorporated by using 5 0 TGGCTCACATGAAACACGTGGGATTGGCCTTGAA TT3 0 and 5 0 AATTCAAGGCCAATCCCACGTGTTTCAT GTGAGCCA3 0 mutagenic primers. The intended mutation was confirmed by nucleotide sequencing of the whole gene using an Applied Biosystems 3730XL DNA Analyzer based on the Sanger sequencing method [59] . Both BaCBS variants were expressed and purified using the same protocol, described above for WT BaCBS. The purified proteins were used to perform all of the kinetic assays and biophysical characterizations.
Spectral studies
Far-UV CD spectra of WT BaCBS and its variants were recorded using a Chirascan TM Plus CD spectrometer from Applied Photophysics (Surrey, UK), at a protein concentration of 0.2 mgÁmL À1 in 20 mM phosphate buffer (pH 7.8)
in the range of 260-200 nm wavelength at a rate of 1 nm per step. The spectroscopy was performed at least thrice where each reading represents the average of 10 scans taken at 25°C. All CD spectra were baseline corrected by subtracting the buffer spectrum and smoothed. UV-visible absorbance spectra were recorded at a concentration of 0.4 mgÁmL À1 using an Ultrospec 2100 pro UV-visible spectrophotometer (GE Healthcare). The intrinsic fluorescence of each of the CBS variants in 20 mM Tris-HCl (pH 8.0) at a concentration of 0.4 mgÁmL À1 was measured using a Cary Eclipse fluorescence spectrophotometer from Agilent Technologies (Santa Clara, CA, USA) at 25°C. The Trp fluorescence was detected upon excitation at 295 nm and emission spectra were recorded from 300 to 550 nm. Both excitation and emission slits set at 5-nm bandwidth. Each spectrum represents an average of three individual scans and was corrected for the contribution of a blank solution.
